The formation of lumps is a common problem during powder reconstitution in food industry. If more knowledge regarding the phenomena controlling the process could be obtained, the process of industrial powder recombination could be optimized. This demands investigation of the process at three different levels: the scale of individual powder particles, the scale of powder beds, and the scale of industrial recombination. If knowledge from all three scales could be combined, a model of the entire process could be constructed. In this study, we present a new flow-cell-based method for investigating the dissolution rate of individual powder particles in controlled liquid flow. The flow cell allows for alteration of the flow velocity and only subjects the investigated powder particles to mild stress before the analysis. The dissolution process in the cell is recorded, and data are obtained by image analysis. Sodium caseinate has been used as a model substance in these experiments. The results show that the particle dissolution rate is a function of the flow velocity of the liquid, and the results correspond to earlier established methods.
Introduction
Powder reconstitution is a common process in the food industry. A good dispersion and dissolution of powder is critical if the reconstituted product shall equal the original in terms of chemical composition and nutritional content. An unsatisfactory reconstitution will affect the consumer experienced properties of the product as well as the formation of lumps, often called fish eyes. To reduce this problem, large efforts in terms of energy and money are currently put into the unit operation of mixing. The reconstitution process could be made more efficient if more knowledge regarding powder dissolution and powder bed wetting during industrial mixing was obtained.
The operation of powder reconstitution can be considered a unit operation. Schubert (1993) described the entire process by the steps wetting, submerging, dispersing, and dissolving. In this study, we have chosen to divide the process into the following three scales: In an earlier study (Hellborg et al. 2012) , the wetting of powder beds was defined as a crucial step to achieve adequate mixing in the industrial scale. In addition, Hellborg et al. (2012) defined the dissolution rate of individual powder particles as a critical parameter in order to obtain wetting in the powder bed scale. Results indicated that a fast dissolution rate of individual particles results in a quick reduction in the rate of wetting. Wetting of individual powder agglomerates was studied by Forny et al. (2011) , who reached the conclusion that the process is governed by a combination of capillary rise into the porous agglomerate and dissolution of the individual powder particles that builds the agglomerate. Both Forny et al. (2011) and Hellborg et al. (2012) stated the need for development of models taking all aspects of wetting and dissolution of powder beds and agglomerates into account. It is clear from the mentioned literature that if an understanding of industrial reconstitution of powders is to be achieved, it needs to combine dissolution at the scale of individual particles with capillary wetting at the scale of powder beds.
The wetting of porous media is driven by capillary pressure and described by Darcy's law. Plenty of models applying these relations on powder bed and agglomerate wetting are described in the literature, (Hogekamp and Schubert 2003; Washburn 1921; White 1982; Wu et al. 2007; . However, none of these models incorporates the dissolution of individual powder particles, which was asked for by Forny et al. (2011) and Hellborg et al. (2012) in order to achieve a complete model of powder bed wetting.
Wetting and dissolution kinetics of powders are commonly acquired based on bulk methods. One common technique to measure wetting is to place an amount of powder on a liquid surface and measure the time until all particles have sunken below the surface or shows a wetted appearance (IDF 1979) . This and a number of other bulk methods used to investigate wetting kinetics in still or flowing water is described by Hogekamp and Schubert (2003) . Dissolution rates are commonly acquired, especially within the pharmaceutical industry, by firmly pressing the powder into tablets, which are dissolved using rotating disc method or similar techniques (Kaunisto et al. 2009; Nicklasson et al. 1983 ). Alternatively, a fixed amount of powder could be dispersed in a stirred dissolution medium, and the concentration increases with time measured (Ansari and Stepanek 2008; Gianfrancesco et al. 2011 ). Work has also been conducted investigating dissolution kinetics by the use of calorimetry (Marabi et al. 2007 ).
However, particles might have a different interior structure compared to the surface (Buma and Wiegers 1967; Faldt et al. 1993) , resulting in differences in dissolution rate across the particle. Such differences is difficult to measure using bulk methods, since the dissolution rate will be averaged between all the particles and often also over time. In addition, the very rapid reduction in powder bed wetting evident in the study by Hellborg et al. (2012) indicates that the phenomena is at the scale of individual powder particles. The dissolution process of individual particles during powder bed wetting thereby corresponds poorly with the information provided by the mentioned bulk methods. Instead, the flow should be driven by the previously stated Darcy's law model and combined with the dissolution kinetics from individual powder particles.
The dissolution rate (N) from a particle is described by Eq. 1 (Cussler 1984 )
Equation 1 is valid if the dissolution process is considered a stationary process, where the difference in concentration between the dissolving surface and the liquid bulk, ΔC, is the driving force of dissolution. The dissolution coefficient, k, is described as the sum of the resistance from the surface reaction where the solid disassociate, k d , and the resistance from transport of these molecules to the bulk, k mt , see Eq. 2 (Hsu and Liu 1993; Nicklasson et al. 1983) .
The resistance from disassociation is a result of the energy demanded to break the crystalline structure when dissolving crystalline species. Since no such energy is demanded for amorphous species, 1/k d is set to zero in those cases. C bulk is often approximated to zero due to its minor magnitude compared to C surface . This results in the expression stated in Eq. 3 describing the dissolution kinetics of particles, where k mt is the mass transport coefficient.
A study focusing on individual particle dissolution has been performed by Marabi et al. (2008) , who investigated the dissolution rate of individual particles of sucrose in nonflowing water using microscopy and image processing. In this study, the dissolution process of one particle lasts over one minute, and it is stated that the process of heat transfer is expected to significantly affect the overall dissolution rate. This indicates that there is a resistance related to breakage of the crystalline sucrose structure, meaning that the 1/k d term cannot be neglected in Eq. 2. This is consolidated by the instantaneous dissolution of amorphous lactose. This significantly faster process, however, made the frame rate of the image acquisition insufficient, and the result is only briefly mentioned by Marabi et al. (2008) .
A true model of powder bed dissolution needs to combine the flow resulting from capillary wetting of porous media with dissolution kinetics of individual particles in this flowing environment. Therefore, the dissolution rate of individual particles as a function of flow velocity needs to be established. In an experiment, the flow velocity must be variable to mimic velocities relevant to capillary wetting of porous media in, for example, Darcy's law based models. In addition, the fast dissolution rate of amorphous species demands a method that can measure dissolution processes occurring in only a few seconds.
In this study, a new type of flow cell allowing for this kind of investigation was constructed. In order to validate the method, one aim of the study was to investigate how the information obtained from the flow cell based on the dissolution of individual particles correlates with published results obtained using, previously mentioned, established bulk methods. In addition, the relation between the dissolution rate of individual particles and particle morphology was investigated in the study. The study was conducted using spraydried sodium caseinate powder as a model substance. The base of the flow cell consisted of a glass slide. On top of this glass slide, a 50-μm thick metal shim with a punched rectangular hole was placed (see Fig. 1 for dimensions). Dry powder particles were placed on the glass slide within the area of the punched hole. The deposition of particles was made by gently tapping on a slick applied with a small amount of powder, generating a completely randomized distribution of powder within the desired area. The last part of the flow cell consisted of another glass slide, placed on top of the metal shim, modified with drilled holes and connections for tubing.
The system was sealed by greasing the contact surfaces between the shim and the glasses with silicon-oil-based vacuum grease (High Vacuum Grease, Dow Corning GmbH, Weisbaden, Germany) and by applying pressure. The pressure was applied through another metal shim, similar but 1-mm thick with an attached rubber gasket. With this added on top of the flow cell, the system was inserted in a sample holder with clamps used to apply an even force.
The height of the flow channel in the system when greased and put under pressure in the sample holder was measured with micrometer screw to 70 μm. This generates a flow channel of rectangular shape with a flow area with the system sealed of 0.7 mm 2 and a length of 35 mm (see Fig. 1 for the principles of the flow cell).
The flow of water through the flow cell was generated by a syringe pump (Aladdin-1000, World Precision Instruments, Aston, Stevenage, UK), which was connected to one of the connections of the upper glass slide using polyetheretherketone (PEEK) tubing. The outlet of the flow cell allowed for the solvent to flow out to atmospheric pressure through a silicon tube and be collected in a beaker (see Fig. 1 ). The capillary pressure in the flow channel was calculated to around 4 kPa. Since no contribution from capillary pressure on the flow velocity was desired, the length and radius of the PEEK tubing connecting the syringe pump and the flow cell were chosen to make sure that the flow was driven by the pump and not by capillary forces. Different tubing was used for different flow velocities in order not to stall the pump. The lowest theoretical pressure drop that occurred in the tubing during the experiments was calculated to around 6 kPa.
Light microscopy
The microscope used for the flow cell experiments was an inverted light microscope, (Nikon Eclipse Ti-U, Nikon Co., Japan). During all experiments, the flow cell was illuminated from above ( Fig. 1 ). Images were acquired through a Nikon Plan Flour 4x/0.13 objective (Nikon Co., Japan) and recorded by a Nikon digital camera (digital sight DS-Qi1Mc, Nikon Co., Japan) with a resolution of 640×480 pixels when using 2×2 pixel binning and an exposure time set to 2 ms. These settings resulted in a pixel length corresponding to 4.56 μm in the images. The fixed exposure time of the camera resulted in similar light settings for all experiments. The recording software (Nikon NIS-Elements BR, Nikon Co., Japan) recorded with a frame rate of 7.5 fps. All experiments were recorded onto .avi files.
The powder
The powder used in the study was spray-dried sodium caseinate (Miprodan 30, Arla Foods, Viby, Denmark). Before the analyses, the powder was sieved to a size distribution between mesh sizes of 125 and 294 μm.
The material density of this batch of sodium caseinate powder has previously (Hellborg et al. 2012 ) been determined to 1,240 kg·m −3 , based on gas pycnometri measurements.
The morphology of the sodium caseinate particles was investigated by a Carl Zeiss G34-1540 XB scanning electron microscope, Carl Zeiss NTS GmbH, Oberkochen, Germany. Fractioning of some particles by the use of a scalpel before the SEM study allowed for image acquisition of the interior structure of the particle. All images were recorded using an acceleration voltage of 3 kV.
Particle density measurements were done by dispersing 1 g of powder in a small amount of glycerol, and then adding more glycerol to the dispersion until a fixed volume of 50 ml was reached. By measuring the weight of the dispersion and knowing the glycerol density (1,261 kg·m −3 ), the volume of 1 g of powder could be obtained.
Powder application
Since the sieved sodium caseinate particles were significantly larger than the height of the flow channel, the applied pressure when sealing the flow cell resulted in squeezing of the particles. This squeezing fixed the particles and ensured that they did not detach with the flowing water. The amorphous structure of the particles mostly allowed for this compression without causing breakage; if a particle still broke, it was easily detectable during the experiments since it showed more of an eroding than a dissolving behavior. Thereby, no results from broken particles were included in the study. The appearance of the particles in the microscope when fixated in the flow cell is illustrated in Fig. 1 .
Furthermore, the squeezing of the particles is an advantage for calculation of the dissolution behavior. By considering the squeezed particles illustrated in Fig. 1 , the volume of a particle could, as a good approximation, be considered to be the projected area of the particle in the microscope images times the height of the flow channel (70 μm). The area of the particle subject to the solvent could with the same analogy be calculated as the projected perimeter of the particle times the height of the flow channel.
The size of all the particles investigated in the experiments was obtained by measuring their area, when squeezed in the flow cell in their dry state, in the microscope images. Their average cylindrical diameter, corresponding to the situation in Fig. 1 , was measured to 154 μm.
Acquisition of data
The dissolution behavior of the sodium caseinate particles was obtained by continuously recording their size in the flow cell using the microscope software.
The particles were somewhat unevenly dispersed in the transparent area of the flow cell due to the randomized deposition process of the particles. The observation area for each trial was determined, containing as many individually distinguishable particles as possible but without crowds of closely positioned particles. It should be noted that not all particles from each trial were suitable to analyze. Sometimes, they were flushed away by the flow almost immediately and sometimes detached particles from positions upstream the flow cell passed the observation area and disturbed the dissolution process by, for example, attaching to the selected particle. The dissolution behavior of the sodium caseinate particles was investigated varying the flow velocities as shown in Table 1 . For each velocity, information from at least 10 particles was obtained. The total amount of particles investigated as well as Reynolds number for each flow velocity is stated in Table 1 .
Data treatment
The .avi files were imported into Matlab, (Mathworks, Natick, MA, USA) and binarized using Matlabs standard command based on Otsu's method of thresholding.
In line with the approximations based on the situation in Fig. 1 , the following data was extracted from the binarized movies using the standard commands present in Matlabs "Image Processing Toolbox":
& Particle volume as a function of time & Particle surface available for mass transport as a function of time.
When the waterfront passed the studied part of the flow cell, it appeared as a black area in the microscope. If an image was acquired during the short time of water front particle interaction, the projected particle area included the waterfront, which resulted in measuring points of significantly larger volume for some particles during the initial wetting. In order to eliminate any interference from these outliers, all data points larger than three times the dry state particle volume were removed from the analysis.
Results

Particle morphology
Representative SEM micrographs of the sodium caseinate powder batch are presented in Fig. 2 . Note the large differences in intraparticle porosity and surface smoothness between particles from the same batch. The rather porous morphology of the individual particles generated a need for a value of particle density. The particle density was determined to be 717 kg·m −3 based on the average of four measurements performed in accordance with earlier mentioned method. The standard deviation of the four measurements was calculated to 39 kg·m −3 . By comparing the obtained average particle density (717 kg·m −3 ) with the material density (1,240 kg·m −3 ), the average particle porosity could be calculated to 42%. The calculated average particle porosity is considered to correlate well with the SEM images (see Fig. 2 ).
Dissolution kinetics
Treatment of the data
The volume and the area available for mass transport for one sodium caseinate particle dissolving in a liquid flow with a velocity of 0.143 m·s −1 is presented in Fig. 3a and b. Data from this example particle will be used to illustrate all further data treatment throughout this text.
In Fig. 3a -c, the water front passed the particle after about 4 s. It is apparent from the results that the particle was subject to a rather rapid and large swelling just after being passed by the water front. This swelling of particles will be thoroughly treated in an upcoming study. Analyses was aborted as soon as the particle was flushed away, indicated by a measurement point of zero volume.
The dissolution rate (N) for the particles was obtained from the change in volume with time using the expression stated in Eq. 4. With the first order gradient numerically obtained in Matlab.
It should be noted that the last two seconds of the dissolution process was removed before the analysis, to eliminate interference from the particle detaching with the flow, which does not reflect true dissolution. The dissolution rate based on the information from the example particle (Fig. 3a, b) is presented in Fig. 3c . The slow fluctuations apparent in Fig. 3c are considered as the result of the variation in density within one individual particle as seen in Fig. 2 . Naturally, differences in density and surface available for mass transport between particles will result in different dissolution rates. The fluctuations in dissolution rate are not considered to be a result of noise. Noise would instead have shown itself as the more spiky appearance of individual deviating measurement points.
If the swelling period is removed from the dissolution data, the dissolution rates of all particles dissolved with the same flow velocity could be compared (see Fig. 3d ).
By averaging all the particles dissolution rates (Fig. 3d) over time, the average particle dissolution rate as function of flow velocity could be calculated (see Table 2 ). Since the time notations varied slightly due to the normalization of time 0 to the maxima of the volume data and the fps of the movies, all data points for the dissolution rate of individual particles were interpolated to identical time notations before the analyses. It should be noted that averaging of the dissolution rates based on the information in Fig. 3d only was performed for time notations where there was information present from at least three particles, thereby removing potentially large effects from few particles towards the end of the process. From the data listed in Table 2 , it is obvious that the average dissolution rate correlates with flow velocity, where a large flow velocity generates a faster dissolution rate (see Fig. 4 ). Fig. 3 The acquired particle volume data (a), area available for mass transport data (b), and dissolution rate (c), as a function of time for the sodium caseinate example particle dissolved in a flow velocity of 0.143 m·s −1 . d The variance in dissolution rate occurring between individual particles dissolved in a flow velocity of 0.143 m·s −1
Variance analysis
As a measurement of the variance in dissolution rate within one particle with time, the coefficient of variation of the dissolution data for each individual particle was calculated for each investigated flow velocity. The variation in dissolution rate between the particles dissolved in the same flow velocity is calculated as the coefficient of variation and the standard error of mean of the dissolution rate averaged between all particles frame by frame as a function of time. The standard error of mean was calculated as
where σ is the average standard deviation between the particles, frame by frame, averaged over time, and n is the number of particles investigated in each flow velocity (Table 1) . Data for all investigated flow velocities are presented in Table 2 . The . 4 The relation between experimentally obtained average particle dissolution rate and flow velocity. The error bars illustrate the standard error of mean standard error of mean in dissolution rate between the particles is illustrated as error bars in Fig. 4 . Note that the spreading in dissolution rate within particles as well as between particles increase with decreasing flow velocities.
Discussion
The dissolution rate of an individual particle, after the period of swelling, is by no means constant (see Fig. 3c ). This is explained by the local density difference between solid parts and vacuoles within one particle illustrated in Fig. 2 . Naturally, once the dissolution front of the dissolving particle encounters a vacuole, the change in volume will be much faster compared to the dissolution of a denser part of the particle. The presence of vacuoles is indicated by the release of bubbles occurring from dissolving particles. The release of bubbles seems to occur in a random fashion from the dissolving particles, more from some than from others, corresponding to the difference in porosity illustrated in earlier images (Fig. 2) .
The characteristic particles illustrated in Fig. 2 indicate that the particle morphology differs extensively between particles from the same batch, resulting in different dissolution behavior. This, together with the density variance within a single particle, is expected to contribute to the variance in dissolution rate between and within the particles stated in Table 2 . As seen in Fig. 2 , the intra particle porosity as well as the smoothness of the particle surface varies greatly between the particles. Both these factors will affect the dissolution behavior of a particle. However, the smoothness of the surface area of the particle is likely to have an effect only on the initial process since the rapid swelling of the particle is expected to smooth out any irregularities at the particle surface, leaving the differences in intraparticle porosity as the main cause for the variation in dissolution rate (between particles).
A clear trend between flow velocity and increased average dissolution rate of sodium caseinate particles is expected and shown in Fig. 4 . The dissolution rate is governed by the mass transport coefficient and concentration of the dissolution interface in accordance with Eq. 3. The trend of increasing dissolution rate with increasing flow velocities is corresponding well to common dependence of the mass transport coefficient on Reynolds and Sherwood numbers; in this case for laminar flow around a deformed powder particle. Further details of the analysis and the adaption of the Fand (1965) correlation are given below and shown in Fig. 5 .
If the results from the flow cell is to be compared with results obtained using the rotating disc method by Hellborg et al. (2012) , they need to be compared as a function of a theoretically calculated mass transport coefficient, k mt (see Eq. 3), since the flow velocity of the flow cell does not result in the same flow environment as the speed of a rotating disc.
If the situation illustrated in Fig. 1 is considered, the flow conditions in the flow cell could be approximated as a cross-flow passing a cylinder with continuously dissolving walls. Using the analogy between heat and mass transfer and the relation developed by Fand (1965) , the relation in Eq. 6 could be considered to describe the mass transport.
Re is the Reynolds number, dÁ(v 0 /ν), Sc the Schmidt number, (ν/D), and Sh the Sherwood number, k mt Á(d/D). The latter results in the relation k mt =ShÁ(D/d). The dimensionless numbers are described by the mass transport coefficient k mt , the particle diameter d, the kinematic viscosity ν, and the diffusion coefficient D. The diffusion coefficient of sodium caseinate at low salt concentration has been determined to 7.23×10 −11 m 2 ·s −1 by HadjSadok et al. (2008) . The particle diameter used for the calculations is the earlier stated average cylindrical diameter of 154 μm, and the kinematic viscosity is set to 1×10 −6 .
Since the laminar flow in the flow cell results in a flow profile, the flow velocity (and thereby the k mt coefficient) will not be constant over the height of the flow cell (see Fig. 1 ). Therefore, the flow profile in the flow cell (approximated as two infinite plates with a distance of 70 μm) was simulated in Comsol (Comsol AB, Stockholm, Sweden), and the mass transport coefficient was calculated for 98 different stream lines along the flow profile using the expression in Eq. 6. A flow profile weighted average mass transport coefficient for each investigated flow velocity was calculated by integration over the height (h) of the flow cell using the expression in Eq. 7.
The flow profiled averaged mass transport coefficients for each flow velocity is presented in Table 3 .
If the calculated flow profile weighted mass transport coefficients, k mt (see Table 3 ), are considered for the averaged flow velocities, the findings from the flow cell could be compared to previous experiments using rotating disc (Hellborg et al. Fig. 5 The average dissolution rates obtained from the flow cell experiments compared with results from earlier experiments performed with rotating disc method (Hellborg et al. 2012) . The error bars of the flow cell data illustrate the standard error of mean 2012). Since the dissolution rate from the rotating disc is measured as a concentration increase, the average dissolution rates of the flow cell are recalculated to the unit (kg·m −2 s −1 ) using the particle density of the sodium caseinate particles (717 kg·m −3 ). The initial swelling of the particles are taken into account by calculating the average volume increase for all particles for all flow velocities and then by calculating the concentration of sodium caseinate in the swelled particle as the particle density distributed over this larger volume. Since no effect of the flow velocity on the initial swelling was noted, the average particle volume increase in all particles (calculated to 48%) resulted in an average sodium caseinate concentration in a swelled particle of 490 kg·m −3 . The calculated dissolution rate (kg·m −2 s −1 ) for each flow speed is presented in Table 3 . The result of the comparison between flow cell results and earlier investigations using rotating disc (Hellborg et al. 2012 ) is presented in Fig. 5 . The theoretical k mt coefficients of the rotating disc was calculated by the relation stated in Eq. 8 (Cussler 1984) and is presented in Table 4 together with experimentally obtained dissolution rates by Hellborg et al. (2012) .
The standard error of mean of the experimentally obtained dissolution rates from the flow cell (Table 2 ) was recalculated to the unit kg·m −2 ·s −1 and is presented as error bars in Fig. 5 .
It is clear from Fig. 5 that the dissolution rates obtained with the flow cell, if averaged between particles and over time, correlates well with the results obtained in an earlier study using the rotating disc method (Hellborg et al. 2012 ). This agreement with established methods is considered to validate the results from the flow cell. Since a linear correlation is expected in accordance with Eq. 3, a linear curve fitting of all data points is included in Fig. 5 . The slope of this linear fitting should correspond to the surface concentration C t of the dissolving particle in accordance with Eq. 3. The obtained surface concentration of the dissolving particles, 98 kg·m −3 , corresponds well to the overlap concentration of sodium caseinate measured by Loveday et al. (2010) and Pitkowski et al. (2008) . The linear dependence of (Hellborg et al. 2012 ) is incorrect due to the usage of an inaccurate source for diffusion coefficient for sodium caseinate dissolution rate and k mt indicates that the resistance to dissolution solely is the hydrodynamics of the process, in accordance with Eq. 3. The results presented in Fig. 5 indicate that the averaged results from the flow cell correspond well to earlier results obtained with bulk methods. It is worth noticing that the mass transfer rates measured from the rotating disc fits well with the averaged flow cell data (Fig. 5) , despite strong compressing of the powder during the preparation of the tablets. However, the advantages of the flow cell model are the possibility to more accurately alter the flow velocity and that the obtained laminar flow better corresponds to the capillary wetting of powder beds. In addition, the possibility of precise investigation of the dissolution rate of individual particles will generate significant advantages during investigation of chemically heterogeneous powders, e.g., protein, carbohydrates, and lipids. The potential difference in dissolution rate with time or from different areas of the particle will with this technique be possible to quantify, something that would have been impossible with techniques based on averaged results. Another advantage is that the particles investigated in the flow cell are subject to only a very mild stress due to fixation. Together, these advantages make the flow cell the preferred method if the dissolution rate and wetting behavior of a powder is sought.
Conclusions
The new type of flow cell used in this study allows for microscopy investigation of the dissolution of individual powder particles in a liquid flow. The method determines the dissolution rate of individual powder particles and could therefore be used to obtain information otherwise invisible due to the averaging of large amount of particles. The method allows for a precise determination of both the dissolution and the swelling rate of manually selected particles. In this study, the dissolution rate has been the focus.
The results indicate a large variance in dissolution rate between particles and also within the dissolution process of a single particle. This is explained by a large diversity in morphology, especially porosity, between particles from the same batch. If the results are averaged, they correlate well with data from established methods and show a clear and expected trend of increased dissolution rates for larger flow velocities. Results also indicate that the dissolution interface concentration of individual sodium caseinate particles corresponds well to the overlap concentration of the specie.
